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ABSTRACT OF THE THESIS

Design of an Offner-Chrisp Imaging Spectrometer for a Planetary Fluorescence Instrument
by
Tristan Carlson
Master of Science in Electrical Engineering
Washington University in St. Louis, 2022
Research Advisors: Professor Matthew D. Lew, Dr. Evan Eshelman

Spectrometers have been an integral part of space exploration in the late 20th and 21st centuries and will continue to provide quantitative measurements to answer exciting questions
like, “Is or was there life on other planets?” PERISCOPE, Probe for Exploring Regolith
and Ice by Subsurface Classification of Organics, Polycyclic aromatic hydrocarbons, and
Elements, is a next generation spectrometer designed to explore icy worlds like Europa. It
uses time-resolved ultraviolet (UV) fluorescence spectroscopy, a technique that identifies organic molecules, polycyclic aromatic hydrocarbons (PAH), and rare earth elements (REE).
Photon wavelength discrimination is very important for this technique and is accomplished
by a spectrometer. Here, a compact imaging spectrometer is designed to obtain high fidelity
spatial and spectral data over the UV, visible (VIS), and near infrared regions (NIR) of the
electromagnetic spectrum, corresponding to 276 – 850 nm wavelengths. The Offner-Chrisp
spectrometer design geometry is popular due to its high optical performance and small size.
In this thesis, an analytical design for an Offner-Chrisp system [1] is used to rapidly obtain

ix

an initial design, which is then further explored and optimized using ray tracing simulations. The design meets all instrument requirements and the ray tracing model achieves
nearly diffraction limited performance throughout much of the spatial and spectral domains.
This translates to a maximum simulated spatial and spectral resolution of 3.0 µm and 0.2
nm respectively. A system breadboard is then implemented in the lab using commercial
off-the-shelf (COTS) components to test spatial resolution and validate the design concept.

x

Chapter 1
Introduction

1.1

History of Spectrometers in Space

Spectrometers have been used to analyze electromagnetic radiation coming from celestial objects since the 19th century, although spectrometers did not leave Earth’s atmosphere until
1969 when the Mariner 6 and 7 spacecrafts each carried a near infrared and UV spectrometer
within 1000 miles of Mars. These instruments provided new insight into the chemical composition of the red planet’s surface and atmosphere, something that Earth-based telescopes
were not capable of. The most exciting information gathered by these instruments was that
Mars may have previously contained liquid water due to the detection of ice, water hydrates
and goethite [2]. An image of a Mars Mariner infrared spectrometer test instrument at the
UC Berkeley Space and Sciences Lab gives context for the size of early space spectrometers
(Figure 1.1).
NASA continued launching spectrometers into space with the Hubble Space Telescope which
housed the Goddard High Resolution Spectrograph, a UV instrument with 115 – 320 nm

1

Figure 1.1: Test model of the Mars Mariner Infrared Spectrometer at the UC Berkeley
Space and Sciences Lab with a large telescope (left) and electronics module (right) from
1967. Reproduced from [2]
bandwidth and maximum spectral resolving power (λ/δλ) of 1∗105 (δλ ≈ 2 pm). The instrument used photon-counting diodes with a 50 ms temporal resolution and echelle diffraction
gratings, which use higher diffraction orders to achieve increased dispersion with relatively
low grove densities [3]. In current times, scientists are still using spectrometers for space
missions including the recent Mars 2020 mission which utilizes SHERLOC [4], a Raman and
fluorescence spectrometer, and SuperCam, a spectral instrument with many capabilities including time-resolved Raman and fluorescence spectroscopy [5]. Although these instruments
are spectrometers like those that first flew on the Mariner missions, they are composed of
much more advanced technology. The silicon revolution has led to sensitive detectors with
small pixels and low dead times allowing for high spatial, spectral and timing resolution in a
compact package. Even though the fundamentals are old, optical engineers have developed
more complex optical systems with lenses, mirrors and gratings to reduce system size while
increasing performance and functionality. Figure 1.2 and Figure 1.3 are examples of these
sophisticated optical systems implemented in SHERLOC and SuperCam respectively.
2

Figure 1.2: Ray trace of the optical path for the Mars 2020 SHERLOC Transmission Spectrometer. Reproduced from [4].

Figure 1.3: Rendering of the Mars 2020 SuperCam transmission spectrometer with optics
(top) and electronics (bottom). Reproduced from [5].

3

1.2

Motivations for PERISCOPE

PERISCOPE is an instrument developed under the NASA Small Business Innovation Research (SBIR) program and was proposed to meet critical NASA science goals for subsurface
chemical and mineralogical studies on Mars, ocean worlds such as Europa and the moon.
Specifically, PERISCOPE addresses three goals in a single measurement. First, it can detect
organic compounds through time-resolved UV fluorescence, a NASA astrobiology objective.
The current state of the art for time resolved Raman and fluorescence is the Mars 2020
mission instrument SuperCam. This instrument has a temporal resolution of 100 ns and
does not explore UV fluorescence, but has laser induced breakdown spectroscopy capabilities [5]. PERISCOPE provides a predicted 100X improvement in temporal resolution (1 ns),
has optimized spectral coverage, increased sensitivity and reduced SWaP when compared to
SuperCam’s time-resolved fluorescence. Secondly, PERISCOPE can determine the waterice phase transition and ice morphology through Raman scattering. Also, it can perform
rare earth element (REE) resource mapping through time-resolved fluorescence spectroscopy
by collecting emission from the UV to the near infrared (NIR). In previous NASA missions,
chemical analysis of subsurface materials has been performed by scooping or drilling samples
and analyzing them away from their natural environment. This type of measurement removes
critical spatial context of the sample and has high potential for sample cross-contamination.
PERISCOPE avoids these issues by performing in-situ measurements with high spatial resolution. Thus, PERISCOPE is a novel instrument for planetary science.

4

1.3

Instrument Working Principles

PERISCOPE identifies chemical and mineralogical composition of samples using fluorescence
and Raman spectroscopy. From quantum mechanics, we know that atoms and molecules have
discrete energy levels corresponding to their electronic and vibronic structures. Fluorescence
is a form of luminescence that occurs upon a cascade of two events. First, an electron
within a material is excited from a ground state to an excited state by electromagnetic
radiation; this process is also called absorption. Second, the electron will relax back to a
ground state, emitting light in the process. Due to vibrational relaxation of the material
while the electron is in the excited state, the light emitted is lower in energy than that of
the absorbed radiation; the difference in energy is called the Stokes shift. The fluorescence
lifetime, which is the average time that the material remains in the excited state, and the
emitted photon energy (or wavelength) provide information about the chemical makeup of
the sample. An energy level diagram depicting the transitions that produce Raman scattered
and fluorescence emission photons is displayed below in Figure 1.4.
Raman scattering occurs when an incident photon is inelastically scattered by matter, generating a photon with different energy, usually lower, based on the vibrational structure of
the matter. Most scattered photons are Rayleigh scattered and only approximately 1 in 10
million photons experience Raman scattering. Detecting Raman scattering requires a very
sensitive detection scheme.
PERISCOPE’s bandwidth is determined by the fluorescence and Raman photons it is designed to collect. Raman scattered photons have a slightly lower energy than the 257 nm
excitation (∼ 3200 cm−1 Raman shift or ∼ 280 nm) and determine the shortest wavelength
requirement for the instrument (276 nm)[6]. Organic fluorescence occurs in the UV and near
5

Figure 1.4: Jablonski energy level diagram for a molecule with Raman scattering and Fluorescent emission transitions. The electronic states are denoted by S and vibrational states
by v. Reproduced from[4].
ultraviolet (NUV) and has lower energy than the Raman photons, as seen below in Figure 1.5
(spectrally and temporally resolved UV fluorescence from PAHs). REE fluorescence occurs
over the broadest spectral range, UV to IR, and sets the required upper band wavelength
requirement of 850 nm. Figure 1.6 below shows PERISCOPE’s measurement window with
spectral bands corresponding to each measurement.
PERISCOPE resolves spatial, temporal and spectral information from fluorescence and Raman emission using a pulsed laser, spectrograph and sensitive opto-electronics. The pulsed
laser is necessary for measuring fluorescence lifetime information since a continuous wave
laser would continually excite a sample’s electrons, thus the luminescence decay would not
be observed. A pulsed laser and fast electronics can also be used to distinguish Raman
and fluorescence photons because Raman photons are scattered instantaneously, but fluorescence photons remain in the excited state for a finite amount of time. The spectrograph
6

Figure 1.5: Polycyclic Aromatic Hydrocarbon (PAH) UV fluorescence over time (y-axis) as
a function of wavelength (x-axis), where the color indicates intensity (max intensity shown
above). Nearly all fluorescence happens within 20 ns, thus PERISCOPE’s proposed 1 ns
timing resolution makes PAH fluorescence lifetime measurements possible. Reproduced from
[7].

Figure 1.6: PERISCOPE spectrometer bandwidth with three main measurements, the Raman water band ( 280 nm), Organic fluorescence ( 300 - 500 nm), and REE fluorescence
( 350 - 950 nm). Reproduced from Impossible Sensing PERISCOPE PH I proposal.

7

is a vital component of any spectrometer as it disperses the collected light, resolving its
spectral content. The terms spectrometer and spectrograph are often used interchangeably,
but here we will proceed using spectrometer to denote the subsystem containing an entrance
slit, focusing optics and a diffraction grating. A separate subsystem for laser delivery to
and light collection from the sample, known as the optical probe, is necessary for down-hole
measurements, but will not be covered in this work. When the probe is used, the optical fiber
line will act as the slit, but another potential configuration of the instrument is an on-board
sample measurement scheme where a traditional mechanical slit is placed in front of the sample. PERISCOPE uses an image intensifier and sCMOS detector combination, necessary to
provide this novel measurement that achieves low detection limits with nanosecond timing
resolution. The opto-electronics will not be covered in this work other than observing the
detector dimensions required for the spectrometer design (12.5 x 12.5 mm).

Figure 1.7: Object and image space of PERISCOPE spectrometer where each fiber core is
mapped to a vertical position on the detector and the emission wavelengths present in each
core are dispersed horizontally along the detector. This maps the 12.5 mm fiber line to a
12.5 x 12.5 mm image.
Finally, understanding how light is collected and manipulated by the spectrometer is the most
vital concept for grasping the PERISCOPE measurement in the context of this manuscript.
8

Each fiber in object space will guide Raman and fluorescence photons into the spectrometer
where it will be focused onto a grating, split into its wavelength content and then focused onto
a detector. Figure 1.7 shows the object space with the 100X fibers acting as the spectrometer
slit and the image space where the light is converted into spatially and spectrally correlated
data.

1.4

A Review of Optical Aberrations and Performance
Limitations

Two key physical phenomena optical designers must consider when constructing a system
are geometric aberrations and the diffraction limit. These effects blur and distort images,
meaning that optical imaging systems have a fundamental resolution limit. Geometric aberrations can be overcome with a clever choice of optical elements, but the diffraction limit is
difficult to overcome without sophisticated super-resolution techniques which are out of the
scope of this project.
Optical aberrations occur because paraxial ray theory does not accurately describe real imaging systems. In paraxial optics, rays are assumed to travel with a small angle measured from
the optical axis, thus the first-order Taylor approximation (linear approximation) is valid.
As a result sin(θ) ≈ θ, cos(θ) ≈ θ and tan(θ) ≈ θ are used to calculate a ray’s trajectory
through an optical system. In most realistic optical systems, not all of the collected rays
obey the paraxial approximation and this results in ray tracing errors (rays from a point
object do not converge on a single point in the focal plane). The error due to the linear
approximation of the trigonometric functions used to compute a ray’s path becomes higher
9

as a larger angle of rays are collected by the system. Six common aberrations optical designers face are spherical aberration, astigmatism, coma, distortion, field curvature, chromatic.
Table 1.1 briefly describes each aberration and how it scales with ray angle and f-number.
Table 1.1: Optical Aberrations
Aberration
Spherical

F# and θ Dependence
F #−3 , θ0

Coma

F #−2 , θ1

Astigmatism

F #−1 , θ2

Field Curvature

F #−1 , θ2

Distortion

F #, θ3

Chromatic

NA

Description
Due to the spherical shape of many
lenses and mirror
Off-axis aberration due to change in
magnification over lens surface
Differing focal lengths for tangential
and sagittal planes
Image of a flat object is formed on a
curved surface
Change in magnification or focal length
over field of view
The wavelength dependent focal plane
effect due to dispersion (refraction is
wavelengths dependent)

Diffraction occurs when a wave passes through a finite aperture and is unavoidable in optics as
light is a wave which travels through or reflects off of physical components. This phenomenon
means that we cannot focus light into an infinitely small spot. If geometric aberrations are
very small relative to the diffraction limited spot size, diffraction will induce nearly all of the
image blur, but for larger spot sizes diffraction is not as noticeable. The diffraction limited
spot size scales with wavelength (λ) and f-number (F#) and is described mathematically by

spot diameter ≈ 2.44 ∗ λ ∗ F # = 2.44 ∗ λ ∗

f
,
D

where f is the focal length and D is the aperture of an optical component.
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(1.1)

1.5

Offner-Chrisp Design Form

The commonly used Offner-Chrisp imaging spectrometer design originated as a microlithographic projector to produce integrated circuits and gratings. Abe Offner’s design used two
spherical mirrors, no diffraction grating, and resulted in zero Seidel aberrations. These are
the primary third order aberrations for monochromatic illumination, which include spherical,
coma, astigmatism, field curvature and distortion. The Offner microlithographic projector
design form or simply Offner relay is displayed below in Figure 1.8. The system has a 1x
magnification and is both concentric and telecentric. The concave primary mirror has a
radius of curvature R1 and is located a distance R1 away from the center of the system C,
while the convex secondary mirror is also one radius of curvature R2 away from the center
and is used as the aperture stop.

Figure 1.8: Original Offner relay schematic with an object, O, concave mirror (right) with
radius of curvature R1, system center C, convex diffraction grating (center) with radius of
curvature R2 and image I. Reproduced from [8]
Michael Chrisp modified Offner’s original design by replacing the secondary mirror with a
diffraction grating transforming it into an imaging spectrometer. Clearly, the grating breaks
the original design symmetry, introducing aberrations. Chrisp then split the primary mirror
11

Figure 1.9: Offner-Chrisp Imaging Spectrometer Schematic with entrance slit (top left),
primary mirror (top right), convex diffraction grating (center), tertiary mirror (bottom right)
and focal plane array (FPA) or detector (bottom left). Reproduced from [8]
into two concave mirrors, M1 and M2 in Figure 1.9, which introduces degrees of freedom to
control the spectrometer’s aberrations [8]. The primary mirror M1 and tertiary mirror M2
are located one radius of curvature away from the center, thus maintaining the concentric
circle design. The entrance pupil, located at O, is a vertical slit with a typical width around
25 µm and the detector is placed at the focal plane I. In PERISCOPE the entrance slit can
be implemented as a traditional rectangular aperture or as a line of 100 µm optical fibers
when connected with the optical probe.
The compact footprint due to the use of mirrors and high performance of this design form has
made it very popular for applications where size, weight and power (SWaP) are a priority.
Chrisp’s original spectrometer design has been used as the basis for more complex implementations using freeform surfaces [9], immersive optics [8], and other innovative components.
Although many groups have built spectrometers based on this design, X. Prieto-Blanco et al.
have done thorough analytical analyses of this design and their work is the primary reference
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for the design presented in this thesis [1]. Details of this analysis and how it is applied to
the PERISCOPE design are covered in Chapter 2.

1.6

Phase I Design and Phase II Requirements

PERISCOPE has been through the Phase I stage of the NASA SBIR process. In Phase I,
the instrument was advanced to NASA TRL4 (component and/or breadboard validation in
lab) by constructing a functioning science breadboard that performed hyperspectral UV fluorescence mapping on natural samples in a lab environment [10]. The breadboard prototype
included four subsystems: An optical probe, laser, Offner relay with laser injection and an
imaging spectrometer. This breadboard achieved a spatial resolution of 100 µm (fiber core
limited), spectral resolution of 3 nm and detection limit 20 ppb (wt/wt) for L-tryptophan.
The separate spectrometer and Offner relay for laser injection increase the instrument SWaP
without major performance benefits. Phase II for PERISCOPE will address the Phase I
shortcomings and advance the instrument towards a more flight-ready design (TRL6) by
combining the Offner relay with the imaging spectrometer. The TRL6 requirement is that
the system prototype is demonstrated in a relevant environment (ground or space). The
new imaging spectrometer subsystem will maintain or improve PERISCOPE’s spectral resolution while reducing its size and maintaining laser injection. The requirements for the
spectrometer were provided by Impossible Sensing and are displayed below in Table 1.2.
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Table 1.2: Spectrometer Requirements
Parameter
Spectral Window

Requirement
276 nm - 850 nm

Spectral Resolution

5 nm

Sensor Width

12.5 mm

Slight height
Footprint
Imaging Fiber

12.5 mm
100 x 100 mm
100 x 100 um core,
125 um clad (12.5
x 0.125 mm line dimension)

Notes
C-H Raman stretching region, O-H Raman
stretching region, UV organic fluorescence
region, RRE fluorescence region
Allows for differentiation of liquid water from
water-ice based on Raman O-H band. Design
goal: 1.4 - 4 nm resolution
MityCam2521 and Photonis 18 mm diameter
intensifier tube

100 * SUV100/110PI12 silica fiber
Silica core: 100 um +/- 2%
Silica clad: 110 um +/- 2%
Polyimide coating: 125 um +/- 5%
NA: 0.12 +/- 0.02
High OH for wavelength range 190-1200 nm
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Chapter 2
Methods

2.1

Design Approach

2.1.1

Analytical Solution

Current ray tracing tools allow for high performance optical designs to be constructed very
rapidly as they handle the underlying physics and have powerful numerical optimization
tools. One problem with these methods is that they require expensive software and often
designers can forgo the process of understanding how the numerical tools obtain an optimal
solution. Here, an analytical solution for the Offner-Chrisp spectrometer is implemented to
develop an understanding for the design and obtain a high performing system which can
serve as the initial conditions for numerical optimization.
Prieto-Blanco et al. [1] propose a general analytical solution for the Offner-Chrisp design form
that aims to minimize low order aberrations over a large spectral range at low f-numbers.
This solution maintains the simplicity of the original design using spherical mirrors and a
convex grating with equally spaced grooves. In the standard design, the tangential image
15

Figure 2.1: Astigmatism-corrected Offner-Chrisp design geometry (Rowland circle with tilted
object and image planes) with primary mirror A, grating G, tertiary mirror B, Rowland circle
center C, object O, meridional (tangential) image IM . R1 , R2 and R3 are the primary mirror,
grating and tertiary mirror radii of curvature. Reprinted from [1].
plane lies on the Rowland circle, but the sagittal image plane does not. The resulting
astigmatism is the dominant residual aberration (aside from spherical aberration), which
the authors can correct for by making the sagittal and tangential image location equal for a
chosen design wavelength. Furthermore, they make the tangential and sagittal image curves
tangent to each other at this design wavelength so that the surrounding wavelengths have
lower astigmatism. Normally, the tangential and sagittal images would be points, but because
this is a spectrometer, the grating dispersion means that they will be curves. Spectral bands
away from the design wavelength will contain more astigmatism, so for large bandwidth
systems this aberration will be more noticeable. They accomplish the null astigmatism and
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tangency condition by introducing additional degrees of freedom by tilting the object and
image planes about the y-axis (out of the page in Fig. 2.1). Two free parameters were
introduced, so it is possible to solve astigmatism for a second wavelength, but the authors
state that this significantly increases design complexity.
The authors start by considering an off-axis point and the Bragg equation of the diffraction
grating. They solve for the tangential and sagittal object points produced by the grating.
Then Rowland’s condition is introduced to constrain the system to the three concentric mirror design geometry of the Offner-Chrisp spectrometer. Finally, they use geometry to derive
an equation for null astigmatism for a single wavelength, while enforcing the tangent image
curve condition. Additionally, they discuss a vignetting analysis that involves computing
the path of the longest wavelength, as it lies closest to the system stop. Photons with long
enough wavelengths will be cut-off by the grating (system stop), such that they do not reach
the detector. A vignetting analysis is important to ensure that the longest wavelengths in
the instrument’s desired bandwidth are detected and not vignetted. This ray path is not
easy to explicitly calculate, thus the authors recommend a more practical approach where
vignetting is evaluated after ray tracing an initial design in software. Figure 2.2 below is the
design pipeline recommended [1].
The following equations from this pipeline were used to obtain the initial PERISCOPE
spectrometer design. Refer to Figure 2.1 or [1] for a visualization of these parameters.

1. Choose tertiary mirror tilt θ3 = 16◦
2. Image plane tilt ϕ′

tan(ϕ′n ) =

1 + 2 sin2 (θ3 )
− sin3 (θ3 )
+ tan(θ3 ) cos(2θ3 ) tan2 (ϕ′n−1 ) −
tan3 (ϕ′n−1 ) (2.1)
cos(θ3 )
2
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Figure 2.2: Design pipeline suggested in [1]. First the tertiary mirror angle is selected then
the parameters are computed from left to right as indicated by the flow chart (equations are
numbered within the Subsection 2.1.1 text). The final step involves the user modeling the
system and determining if there is vignetting.
3. Detector tilt α′


′

α = ϕ − arctan

sin(2ϕ′ )
2


(2.2)

4. Diffracted angle θ2′
θ2′ = ϕ′ + 2θ3

(2.3)

hspec
mpδλ

(2.4)

5. Grating radius of curvature R2
R2 =
6. Center-image distance CI
CI = R2 sin(θ2′ )

(2.5)

7. Tertiary mirror radius of curvature R3

R3 =
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CI
sin(θ3 )

(2.6)

8. Grating incident angle θ2
θ2 = arcsin(mλp − sin(θ2′ ))

(2.7)

CO = −R2 sin(θ2 )

(2.8)

9. Center-object distance CO

10. Object tilt ϕ
sin(θ2′ ) tan(ϕ′ )
ϕ = arctan −
sin(θ2 )



(2.9)

11. Primary mirror tilt θ1
θ1 =

ϕ − θ2
2

(2.10)

CO
sin(θ1 )

(2.11)

12. Primary mirror radius of curvature R1

R1 =

The PERISCOPE spectrometer specifications relevant to the design pipeline are outlined in
table 2.1 below.
Table 2.1: PERISCOPE Spectrometer Design Parameters
Specification
Value
Spectral Range (λ− − λ+ ) 276 nm - 850 nm
Design Wavelength (λd )
500 nm
Detector width (hspec )
12.5 mm
Spatial image size (h)
12.5 mm
f-number
4.1
Diffraction order (m)
-1
Grating Density (p)
470 lp/mm
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A design wavelength of 500 nm was chosen to ensure better performance near the Raman and
organic fluorescence signal (Figure 1.5) which are more important and require higher spectral
resolution when compared to the REE fluorescence in the longer wavelengths. Specifically,
∼ 3 nm resolution is required to resolve the water-ice O-H Raman [6]. The detector width
is chosen to match that of the intensifier, which amplifies photons before they reach the
sCMOS detector (Figure 1.7). The spatial image size of 12.5 mm is a fixed requirement
corresponding to the input slit height. The vertical line of 0.12 NA optical fibers act as the
input slit and limit the working f-number to 4.1 for the PERISCOPE’s analytical design. If
a larger core fiber or traditional slit are used, the f-number could be pushed to faster speeds,
well below 4.0, but this would require increasing the system size (vertically) and likely the
tertiary mirror angle to avoid vignetting of the longer wavelengths. The diffraction order of
the grating is chosen to be -1 (first spectral order to the right of the grating) as the analytical
analysis shows that it also yields better performance [1]. Lastly, the grating groove density
scales the system size, where a higher groove density and thus larger diffraction angles leads
to a more compact system. In order to maintain the desired spectral bandwidth while
considering a fixed detector width, the primary and tertiary mirror focal lengths must be
decreased when the groove density is increased. This leads to more spherical aberration,
degrading the system performance. Initially a system with a grating groove density of
300 lp/mm was modeled. This system did not meet the size requirements and did not
have significantly better performance than a system with 470 lp/mm. This groove density
maximizes performance given that is has a footprint just within the requirements (100 x
100 mm). The first design that did not contain vignetting and met the size requirements is
outlined in Table 2.2 below. The MATLAB script used to compute these design parameters
is available online [11].
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Table 2.2: Computed Geometric Parameters
Specification
Value
Primary Mirror Radius of Curvature (R1) -85.99 mm
Grating Radius of Curvature (R2)
-46.33 nm
Tertiary Mirror Radius of Curvature (R3) -85.97 mm
Object - Global Center Distance (CO)
34.56 mm
Image - Global Center Distance (CI)
23.70 mm
Object Plane Tilt (ϕ)
0.85°
′
Image Plane Tilt (ϕ )
-1.25°
Detector Tilt (respect to Image Plane) (α)
∼ 0◦

2.1.2

Zemax Implementation

The Offner-Chrisp design discussed in this thesis is not trivial to implement in ray tracing
software as it is an off-axis design, requiring precise optical component distances and angles.
First, the system settings are used to set the system aperture, field points and wavelengths.
The aperture is set by an object space NA of 0.12, representing the expected fiber NA. Field
points of 0 mm, 4.375 mm and 6.25 mm are set to represent the on-axis, 70%, and full
field points. Initially only three discrete system wavelengths are selected, representing the
shortest, design and longest wavelengths.
A non-conventional implementation approach is taken to match the analytical design where
a global coordinate system is defined at the system center C (Figure 2.1 above). Figure 2.3
shows the simplest way to place components in the system, although this is not the typical
way sequential ray tracing models are constructed in Zemax. Traditionally, each new line
in the Zemax Lens Data Editor represents a propagation along z, but here the first propagation is along x to define the global coordinate system center (Figure 2.7 lines 1-2). Next,
a coordinate break corresponding to the angle and distance (radius of curvature of each
component) was implemented for ease of translating the paper pipeline parameters into the
21

(b)
(a)

(d)

(c)

Figure 2.3: (a) Primary mirror (M1 ) placement geometry with tilt ̸ M1 tilt and radius of
curvature R1, object tilt ϕ, center C and object O (b) Grating (M2 ) placement geometry
with tilt ̸ M2 and radius of curvature R2 (c) Tertiary mirror (M3 ) placement geometry with
tilt ̸ M3 and radius of curvature R3 (d) Detector placement geometry with detector tilt ϕ′
software (Figure 2.7 line 3). Coordinate returns are used to return back to the global center
in preparation for placing the next component. Each component is rotated an additional
angle ϕ, the object tilt. This is equivalent to rotating the object plane by ϕ and simplifies the
ray tracing implementation. The steps in Figure 2.3 provide a visualization for the component placement strategy discussed above, and Figure 2.7 displays the corresponding Zemax
OpticStudio spreadsheet. Figure 2.4 and Figure 2.5 are visualizations of the ray tracing
22

50 mm

Figure 2.4: An isometric view of the PERISCOPE analytical design ray tracing model
(Zemax OpticStudio shaded model) with the object plane (left) where rays originate and
propagate to the primary mirror (top left) where they are focused onto the grating (center)
which disperses them (colors indicate wavelength) onto the tertiary mirror face (top right)
that focuses them onto the detector (bottom right).
model. Figure 2.6 is a close-up view of the grating to show the ray clearance between the
longest system wavelength and the system stop (grating).
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100 mm

Figure 2.5: A top-down view of the PERISCOPE analytical design ray tracing model (Zemax
OpticStudio shaded model) with primary mirror (top right), grating (center) and tertiary
mirror (bottom left). The scale bar reveals that the optics fit in the required footprint (100
x 100 mm).

Figure 2.6: The tertiary mirror angle θ3 was chosen such that there is ample clearance
between the longest wavelength and the grating ( 3 mm). Wavelengths longer than those in
the spectrometer bandwidth will be blocked by the grating (system stop).
24
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Figure 2.7: The Zemax OpticStudio Lens Data for PERISCOPE analytical design where the colors indicate similar
components or operations (i.e. optics in grey), each line represents a component or propagation/tilt, “Radius” is
component radius of curvature, and “Clear Semi-Dia” indicates optical surface radius for each component. The
physical optics are located on line 6 (primary mirror), line 12 (grating) and line 17 (tertiary mirror). They are
preceded coordinate breaks according to their placement geometry outlined in Figure 2.3.

Two methods were used to confirm that this implementation approach is correct. First, the
Rowland circle condition was checked by extending the component diameters, such that the
Zemax graphics representing their radii of curvature were shown to be intersecting at the
center of the system, labeled “center” in Figure 2.8.

Figure 2.8: The Zemax 3D layout schematic for the PERISCOPE analytical design confirms
that the Rowland condition is met (The lines drawn one radius of curvature from the surface
normal of each component intersect at the center of the system).
Modeling the system from the analytical design in the literature was the second method to
confirm the validity of the ray tracing model. Figure 2.9 shows that the model produces
nearly identical spots for a 1µm wavelength when compared to those in Figure 8 of [1].
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Figure 2.9: Spot diagram for a 1 µm wavelength at three field points (on-axis, 70% and full
field) for the analytical design described in [1]. The diffraction-limited spot size is denoted
by the thin black rings. The RMS spot radius for each field point is approximately equal to
the airy disk radius, an indication of a high-performance system.
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One tunable parameter of this design is the detector position and tilt. It can be translated
along the z-axis and tilted about the y-axis to bias performance between the UV, VIS and
NIR bands of the spectrum. Astigmatism is only null for a single wavelength so detector
placement can also be used to bias spatial versus spectral performance. Figure 2.10 shows
detector placement optimized for spatial resolution and Figure 2.11 shows detector placement
optimized for spectral resolution.

Figure 2.10: Matrix Spot diagram for analytical system with detector position optimized for
spatial resolution. The horizontally stretched spots indicate bias towards spatial resolution
with the cost of poorer spectral resolution. Each color represents a single wavelength (275,
500, 850 nm left to right), row represents a field position (0.0, 4.375, 6.25 mm top to bottom)
and each grid unit is 10 µm (100 x 100 µm total grid size).
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Figure 2.11: Matrix Spot diagram for analytical system with detector position optimized for
spectral resolution. The vertically stretched spots for the shortest and longest wavelengths
in the bandwidth indicate bias towards spectral resolution with the cost of poorer spatial
resolution. Each color represents a single wavelength (275, 500, 850 nm left to right), row
represents a field position (0.0, 4.375, 6.25 mm top to bottom) and each grid unit is 10 µm
(100 x 100 µm total grid size).
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2.1.3

Numerical Optimization

This thesis goes beyond the analytical design by using numerical optimization techniques
to search for a design that could obtain null astigmatism in two wavelengths or correct for
higher order aberrations not considered in [1]. The analytical design was used as initial
conditions for all optimization routines. Also, the grating groove density was held constant
to ensure the system met the footprint requirements. Zemax OpticStudio “Optimize!,”
“Global Search” and “Hammer Current” optimization tools were used for unconstrained
and constrained optimization. The derivative based Damped Least Squares algorithm was
used for all routines as opposed to the Orthogonal Descent algorithm option. Initially no
formal constraints were added to the Zemax merit function to give the optimization software
freedom to explore new design parameters. Unsurprisingly, the software obtained nonphysical
solutions (parameters blow up). This often happens when no upper bounds for component
distances are implemented. Next, constrained optimization approaches were used to increase
the probability of a design that achieves better performance than the analytical design while
remaining physically implementable. The Zemax merit function operands used to bound
component parameters and inter-component distances are outlined in Table 2.3.
Two main strategies were used for constrained optimization. First, the Rowland circle condition was removed by no longer requiring equality between the mirror to global center
distances and the respective mirror radii of curvature. Thus, all component radii of curvature, inter-component distances and component angles were set as variables. As expected,
the design did not achieve better performance than the Offner-Chrisp design geometry which
requires circular symmetry. Next, the Rowland circle condition was enforced, so only intercomponent distances (with curvature pickups) and component angles were set as variables.
The results of this optimization are discussed in chapter 3.
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Table 2.3: Zemax Optimization Operands
Merit Function Operand
PMVA
PMLT
PMGT
PMAG
CVLT
CVGT
CTLT
CTGT
REAX

2.2

Description
Constraint on surface parameter using target value
(Decenter X, tilt about Y)
Upper bound on surface parameter
Lower bound on surface parameter
Constraint on paraxial magnification using target value
Upper bound on radius of curvature
Lower bound on radius of curvature
Upper bound on element center thickness
Lower bound on element center thickness
Constraint for ray local x-coordinate at specified surface

Methods for Characterizing the Performance of
Imaging Spectrometers

2.2.1

The Point Spread Function and Modulation Transfer Function

An imaging system’s point spread function (PSF) is its response to a point source in the
object plane. This is equivalent to the impulse response described in signal processing and
systems engineering. Formally the PSF can be expressed as

h(x, y, ; ξ, η) = S[δξη (x, y)]

(2.12)

where h(x,y,;ξ,η) is the output of system S to δξν (x − ξ, y − ν), a delta function input
located at position (ξ,η) [12]. The PSF of any real imaging system must have a finite size
and cannot be any smaller than the diffraction limit (Equation 1.1). Although many real
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imaging systems are not linear shift invariant systems, they are often approximated by them
for modeling and characterization. Here we won’t assume the shift-invariant property to
achieve a more accurate characterization of PERISCOPE’s performance. Thus, the PSF at
field points and with wavelengths spanning the input space will be explored. An imaging
system’s modulation transfer function (MTF) is the magnitude of the Fourier Transform of
its PSF. Qualitatively, the MTF quantifies contrast as a function of spatial frequency and
the more area under the MTF curve, the more total contrast. In imaging systems, contrast
is formally defined as

%Contrast =

Imax − Imin
∗ 100%,
Imax + Imin

(2.13)

where Imax and Imin are minimum and maximum intensity respectively. One can think of
this as the ability to distinguish black from white at a given resolution. The MTF of an
ideal diffraction limited imaging system is decreasing and monotonic, while the MTF of a
non-ideal system with aberrations can be non-monotonic.

2.2.2

Spatial Resolution

The spatial resolution of an imaging system can be defined as the smallest separation distance
between two point sources which allows them to be resolved. One quantitative way of defining
this distance is by the Rayleigh criterion that defines the minimum resolvable distance as the
point where the Airy disk radius (diffraction limited spot for circular aperture) of one object
aligns with the peak of the other object’s Airy disk. This can be applied to non-ideal imaging
systems by considering the PSF instead of the Airy disk. Thus, the non-ideal imaging system
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equivalent for the Rayleigh criterion occurs when two point sources are spatially separated
by one PSF radius. Here, the spatial resolution will be measured at each field point by
bringing two point sources closer together until they are unresolvable. This is approximately
equal to the RMS spot radius along the y-axis when geometric aberrations are similar to the
diffraction limited spot size or larger. Figure 2.12 below shows the object and image space
for the system when spatial resolution is found empirically.

Figure 2.12: Object space (top) and image plane (bottom) for two point sources with the
same emission λ. The points become larger in the image plane due to blurring induced by a
non-ideal imaging system.

2.2.3

Spectral Resolution

The spectral resolution of a spectrometer indicates how well it can discriminate between
two wavelengths. The more wavelengths it can resolve in a given bandwidth, the higher the
resolution. We can describe this mathematically by

∆λ =

λmax − λmin
,
|x(λmax )−x(λmin )|
rP SF
33

(2.14)

where x(λ) is the detector position along the spectral axis (x-axis here) as a function of
wavelength and rP SF (λ) is the PSF radius of the wavelengths in the band. The PSF represents blur from a non-ideal imaging system that becomes the Airy disk radius for a paraxial
system.
For most spectral instruments, the PSF is a function of wavelength, so it is more accurate to
define spectral resolution as a function of wavelength or a constant for systems with small
bandwidths. Spectral resolution for a given wavelength can also be determined empirically by
imaging two point sources in the same location and decreasing their wavelength difference,
spectral separation, until the resulting PSFs are no longer resolvable. Figure 2.13 below
shows the object and image space for the system when spectral resolution is found empirically.

Figure 2.13: Object space (top) and image plane (bottom) for two point sources with the
same position along the spatial axis and spectral separation ∆λ. These points are mapped
to two points in the focal plane, equivalent in y and separated in x corresponding to ∆λ.

34

2.2.4

Pushbroom Imaging Spectrometer Distortion

Two common types of distortion for pushbroom imaging spectrometers, like the OffnerChrisp design, are keystone and smile. Keystone is a change in magnification as a function
of wavelength and results in spectral mixing between different positions across the slit (field
points). We can measure this empirically by computing the maximum displacement along
the spatial axis, i.e., the y-axis, for a field point. Smile can be thought of as the analog
of keystone for the spectral axis. It is the maximum displacement along the spectral axis,
i.e., the x-axis, for a given wavelength and is caused by nonuniform dispersion [13]. A
visualization of these distortions is provided in Figure 2.14.

Figure 2.14: Imaging spectrometer detector plane with no distortion (left) and exaggerated
smile and keystone distortions (right)
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2.3

Spectrometer Breadboard

Optical systems can be designed rapidly using analytical and numerical methods, but the
end-goal of the PERISCOPE project is to have a high-performance physical system. Thus,
we construct a spectrometer subsystem prototype in lab to confirm that the physical realization of an Offner-Chrisp system is feasible. The system designed and simulated in ray
tracing software is not implemented because of the long lead times of custom optics and the
scope of this thesis. Rather, a similar system only using commercial off-the-shelf (COTS)
parts is constructed on an optical breadboard. A purely reflective system is implemented
due to the unavailability of COTS convex diffraction gratings. We modeled the system in
Zemax (Figure 2.15) and it performs better than the spectrometer analog as expected (recall
discussion in Section 1.5). The focal plane was shifted for optimal spot sizes.
Although planar and concave gratings are readily available, they are not compatible with the
Offner-Chrisp design form as presented in this paper. Consequently, only spatial resolution
and system parameters independent of grating dispersion can be validated. We not only
wish to learn about maximum performance, but also want to know what difficulties arise
when working with a system of this size. Important components used for the breadboard
are listed below in Table 2.4. Other components such as COTS optomechanics and custom
3D printed optomechanics were used to mount optics and aid in alignment.
The use of short focal length mirrors, which contribute to compact system design, requires
precise alignment. To address this, a similar setup as described in [14] is used to align the
system using a Michelson interferometer. This alignment technique confirms the Rowland
circle geometry, therefore it can be applied to spectrometers or purely reflective systems like
the one implemented here. A schematic of their setup is displayed below in Figure 2.16.
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(a)

(b)

Figure 2.15: (a) Zemax OpticStudio shaded model for the breadboard system with the object
(top left), primary mirror (top right), convex mirror (middle), tertiary mirror (bottom right)
and image (bottom left). (b) Spot diagram for breadboard ray tracing model, which achieves
nearly diffraction limited performance across the entire FOV (0.0 mm, 4.375 mm and 6.25
mm field points).
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Table 2.4: PERISCOPE Breadboard Commercial Off-the-Shelf (COTS) Components
Component
Description
Part Number
Primary Mirror
1” D, PCV, R = 86.8 mm
Thorlabs LC5952
Convex Mirror
0.5” D, PCVX, R = 46.0 mm
Thorlabs LA4600
Tertiary Mirror
1” D, PCV, R = 86.8 mm
Thorlabs LC5952
Alignment Laser
HeNe (633 nm) 7 mW, CW
Lumentum 1137P
Shearing Interferometer
5-10 mm beam diameter
Thorlabs SI100
Beam Expander Kit
25 mm Diameter lenses
EO 48-614
Plane Grating
600 grooves/mm, 750 nm blaze
EO 41-020
Beamsplitter
50:50 non-polarizing cube
Thorlabs BS010
Phantom Target
Fluorescent USAF 1951 target
EO 57-894
Entrance Slit
20 µm, 3 mm long
Thorlabs S20K
Optical Fiber
105 µm core, 0.1 NA
Thorlabs FG105LVA
Dichroic Filter
266 nm single-edge dichroic
Semrock Di01-R266
Laser Filter
ultrasteep long-pass filter
Semrock LP02-266RU
Concave Mirror
25 mm x 50 mm FL (alignment)
EO 43-466
Detector
Pi camera
V2

Figure 2.16: Alignment schematic for PERISCOPE breadboard with Michelson interferometer (right) and the Offner system (left). Reproduced from [14].
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An attenuated He-Ne laser is used for alignment as it is safe (Class IIIR) and stable. A custom
beam expander is constructed to magnify the 0.81 mm beam by 7X to obtain a 5.7 mm beam
that is easier to work with. The laser and beam expander optics are leveled and aligned for a
consistent beam path. A shearing interferometer is used to ensure proper beam collimation.
A convex mirror is positioned, behind the two concave mirrors in the Offner-Chrisp system
(Spectrometer mirrors in Figure 2.16), to focus light from the output of the interferometer
onto a planar diffraction grating. The number of interference fringes on the interferometer
screen is minimized when the grating is placed one focal length away from the mirror. This
is because the reflected light is collimated resulting in planar wavefronts in both arms of
the Michelson interferometer that are perpendicular with respect to each other. This is the
scenario of the standard Michelson interferometer where two planar mirrors are present in
each arm. The planar wavefronts will interfere to produce one spot (no interference fringes)
if the arm path lengths are equal and will produce a spherical interference pattern with a
center spot of varying intensity (including zero) depending on the path length difference of
the interferometer arms. Vertical interference fringes occur when a tilted planar wavefront is
induced in one of the arms, which happens when one of the planar mirrors from the standard
Michelson is rotated about the vertical axis (out of the optical breadboard). The entire tilted
planar wavefront will not be in phase with the planar wavefront, which results in constructive
and destructive interference between the two arms. A similar situation is when the beam
is not perfectly collimated due to misalignment, so there is a spherical wave in the Offner
arm of the Michelson. The interference of the planar and spherical wavefront will produce
fringes.
Once the grating is aligned with the mirror, the grating position will be the system center.
The first order diffraction from the grating is used to place the primary and tertiary mirrors
one radius of curvature away from the system center. When both mirrors are not one radius
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Figure 2.17: The Offner system from the Michelson interferometer arm on the left side of
the alignment schematic in Figure 2.16 is unfolded into a transmission system analog. The
figure only represents the ray path for one of the diffraction modes and Offner mirrors for
ease of graphical representation. The focusing mirror with focal length “f” corresponds to
the far left and right lenses which focus light onto the grating. The center lens corresponds
to one of the concave Offner mirrors (either primary or tertiary) with radius of curvature
“R”. Note: the distances are not to scale and the representation of the rays located between
the grating and central lens is not completely accurate.
of curvature away from the grating, the light sent into the interferometer won’t be collimated,
resulting in a larger number of interference fringes. Figure 2.17 shows the unfolded optical
path for one mirror (either primary or tertiary) in the Offner arm of the interferometer. This
visualization is constructed to clearly show how light is manipulated in the reflective scheme.
First the light is focused onto the grating, then the first diffraction orders are collected by
the mirrors and focused back onto the grating where the modes are combined and finally
re-collimated. In Figure 2.17, one of the Offner mirrors is replaced by a lens (both mirrors
are not represented) and the ray properties at the grating are not completely accurate.
Finally, the planar grating is replaced with the convex mirror. It should be oriented with the
same angle as the planar grating and the optomechanical tilt knob can be used to precisely
adjust this angle for an accurate alignment. Other parts such as a 3D printed base plate
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were used to help with alignment. Next, the 20 µm wide, vertical slit is placed in the object
plane and the Pi camera is mounted on a Thorlabs translational stage in the image plane.
Illuminating the slit with white light tests the magnification and image quality. Alignment
sensitivity can be tested by perturbing individual components, including moving the detector
through focus. Lastly, a USAF bar target can be placed in object space to characterize the
spatial resolution at multiple field points.
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Chapter 3
Performance Characterization

In this chapter, the methods discussed previously are applied to various simulated models
of the PERISCOPE imaging spectrometer to characterize the performance, so that we can
predict how the TRL6 instrument prototype will perform and understand potential areas of
improvement. First the analytical design is rigorously evaluated in the ray tracing model.
Next, the design is simplified by removing the object and image plane tilts from the analytical
solution to determine if the performance losses are significant. The design could be easier
to construct and would save future optical engineers time during the design process. The
analytical model is then used as a set of initial conditions for a numerical optimization. We
predict that there could be unrealized performance benefits without this step, but suspect
that they will only provide marginal improvements over the original analytical model. The
last simulated results incorporate a finite slit size into the analysis as this is predicted to
be the primary cause of performance degradation. Both a 100 µm fiber slit and 20 µm
mechanical aperture are used. Finally, the physical breadboard system, using a mirror in
place of the grating, is characterized to learn about prototyping challenges and asses spatial
resolution.
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3.1

Performance Results for Analytical System

The original analytical model described in earlier chapters meets the performance requirements given for the PERISCOPE spectrometer. It achieves a theoretical maximum spectral
resolution of 0.2 nm and maximum spatial resolution of 3 µm (slit and pixel size not considered). The spectral resolution decreases as the spectral distance from the design wavelength
increases. As expected from geometric aberration theory, it also decreases as field points
approach the edge of the field of view.

3.1.1

Spectral Resolution

Initially the empirically computed mapping function, x(λ), which defines position as a function of wavelength, and spectral resolution defined by Equation 2.14, were computed using
a Zemax Programming Language (ZPL) script [15] (available online [11]). Although the
grating dispersion is non-linear, Figure 3.1(a) reveals that the Offner-Chrisp design linearly
maps the incident wavelengths across the horizontal detector axis.
As seen in Figure 3.1(b), the spectral resolution (without blurring due to diffraction or
aberrations) is approximately constant throughout the instrument bandwidth. Thus, the
spectral resolution only changes with changing PSF radius and Equation 2.14 becomes

∆λ ≈ (45.9 × 10−6 )rP SF (λ) [nm]

(3.1)

where rP SF (λ) is the PSF radius defined in Equation 2.12. Due to the ease of extracting
RMS spot data from the simulation as opposed to PSF data, we use the approximation
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(a)

(b)

Figure 3.1: (a) Spectrometer mapping function relates the x-position along the detector to
an incident wavelength within the instrument bandwidth (b) The ideal (no PSF blurring)
spectral resolution for the analytical spectrometer design is approximately constant.
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∆λ ≈ (45.9 × 10−6 )xRM S (λ) [nm]

(3.2)

where xRM S (λ) is the RMS spot radius along the x-axis computed by Zemax. Now we
have obtained an approximate curve for the spectral resolution, which reveals that the ideal
system achieves an approximate spectral resolution < 1 nm for all wavelengths and field
points (Figure 3.2).
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Figure 3.2: Analytical system spectral resolution using RMS spot blurring term. Resolution
degrades as the field position increases from 0.0 mm (blue) to 4.375 mm (red) to 6.25 mm
(yellow) and for larger spectral distances from the design wavelength (500 nm).
This method of computing the spectral resolution is rapid and can easily be applied to other
systems by running the ZPL script and extracting RMS spot data, but needs validation. It
will be an overly optimistic estimate of performance because it does not consider diffraction
effects. The longer wavelengths will experience an upward shift due to stronger diffraction
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effects, but overall the curves will maintain a similar shape. Generally, the spectral resolution is highest at the design wavelength, 500 nm, and is also higher near this wavelength. As
expected, the minimum spectral resolution for a given wavelength occurs at the outermost
field point due to larger spot sizes induced by higher aberration. To test this approximation,
the method of bringing two point sources spectrally closer is used were the spectral separation, ∆λ, is decreased until the two PSFs are no longer resolvable (described in Subsection
2.2.3). It confirms that the spectral resolution curve, Figure 3.1 is accurate, but the RMS
spot radius blurring factor results in a slightly higher resolution than is realized by the system. For the most accurate simulation, we use the Huygens PSF function in Zemax, which
considers both diffraction theory and geometric aberrations to calculate the system PSF.
Figure 3.3 reveals that the system still achieves high performance when diffraction effects
are considered.

(b)
(a)

Figure 3.3: (a) 2D intensity and (b) spectral axis intensity cross-section of two Huygen’s
PSFs for point objects with 500 and 500.2 nm emission (on-axis)

The design wavelength spectral resolution is 0.13 nm according to the curve from Figure 3.2
and the two PSFs are clearly resolvable at ∆λ = 0.2 nm in Figure 3.3 above. The RMS spot
radius approximation, Equation 3.2, is < 0.07 nm better than the spectral resolution equation
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using the PSF (Equation 3.1). As the wavelength decreases this approximation will become
more accurate and as the wavelength increases it will become less valid; the diffractionlimited spot size is directly proportional to wavelength. PSFs for other wavelengths are
displayed in Appendix A. We also test this approximation at a larger field point for the
design wavelength. The 500 nm spectral resolution decreases to 1.0 nm at the 6.25 mm
(outermost) field point, which is larger than the ≈ 0.4 nm predicted by the RMS spot
radius approximation. Figure 3.4 shows the two resolved PSFs at a spectral separation
∆λ = 1.0 nm.

(b)
(a)

Figure 3.4: (a) 2D intensity and (b) spectral axis intensity cross-section of two Huygen’s
PSFs for point objects with 500 and 501 nm emission (6.25 mm field point)
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3.1.2

Spatial Resolution

After using the methods described in Subsection 2.2.2, the maximum spatial resolution of
3 µm was achieved for 276 nm emission at the center field point (on-axis). The two point
objects separated by 3 µm are clearly resolvable in Figure 3.5(a) and (b). These two Huygens

(b)
(a)

(c)

Figure 3.5: (a) 2D intensity and (b) intensity cross-section of two Huygen’s PSFs for point
objects with 276 nm emission, separated by 3 µm at the 0.0 mm field point. (c) The onaxis spot for a point source with 276 nm shows how the geometrical aberrations affect the
Huygens PSFs, which are slightly larger due to diffraction effects. It is blurred along the
spectral axis (x) and nearing the diffraction limit along the spatial axis (y).
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PSFs (narrow line at y = 0 and a few microns below) contain a lot of geometrical aberration,
thus it actually appears as if there are many point sources. This was expected as the 276 nm
spot is “squeezed” along the spatial axis and blurred along the spectral axis (Figure 3.5(c)).

(b)
(a)

Figure 3.6: (a) 2D intensity and (b) intensity cross-section of two Huygen’s PSFs for point
objects with 276 nm emission, separated by 6 µm at the 6.25 mm field point.
Similar to the spectral resolution, spatial resolution decreases at the edge of the field of view.
The spatial resolution of 276 nm emission degrades from 3 µm to ∼ 6 µm (Figure 3.6).
Overall, the system’s aberration control along the spatial axis is very good and is limited by
diffraction. The RMS spot radii for this axis are clearly below that of the diffraction limit
for the entire spectral band at each field point, except the 6.25 mm field from 276 - 325 nm
(Figure 3.7). Although maximum spatial resolution is important, the lower spatial frequency
content is important for resolving broader sample features when the instrument uses a vertical
slit instead of the 100 µm fiber line. The tangential MTFs of the system provide a more
complete description of the spatial resolving power of PERISCOPE for a given wavelength.
We only consider the MTF for a single wavelength as the object is spectrally separated
in the image plane. PERISCOPE’s image intensifier has a spatial resolution of 50 lp/mm
(10 µm pixel), thus spatial frequencies higher than this are not important for this version
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Figure 3.7: RMS spot radius of analytical system along the y-axis (spatial axis) is below the
diffraction limit for nearly all fields across the entire spectral bandwidth
of the instrument. When considering the Nyquist-Shannon sampling theorem, the highest
frequency detected by the intensifier without aliasing will be 25 lp/mm. Figure 3.8 indicates
that the analytical design achieves an average contrast > 90% at 25 lp/mm.

(a)
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(b)

(c)

Figure 3.8: Tangential MTF of analytical design for 0.0 mm (blue), 4.25 mm (green) and
6.25 mm (red) field points and emission wavelengths (a) 276 nm (b) 500 nm and (c) 850 nm.
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3.1.3

Smile and Keystone

It is well known that Offner-Chrisp spectrometer designs have very low smile and keystone
distortion. Figure 3.9 provides visual representations of smile for the three system wavelengths evaluated in this work. Qualitatively, the smile shift appears to be much smaller
than the spot radii and because the spot sizes are smaller than the detector pixel dimensions, this distortion is not a concern. We confirmed the insignificance of smile and keystone
distortion using Zemax merit function operands to compute the centroid of spots with given
wavelength and at a given field point. The centroid shift along the x-axis is the smile value,
while the centroid shift along the y-axis is the keystone value. The quantitative results in
Table 3.1 reveal that each distortion is much smaller than PERISCOPE’s 10 µm pixel size.
Table 3.1: Pushbroom Spectrometer Distortion
Distortion
Smile
Smile
Smile
Keystone
Keystone
Keystone

Wavelength/Field Point
276 nm
500 nm
850 nm
0 mm (field 1)
4.375 mm (field 2)
6.25 mm (field 3)
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Value [µm]
2
1
2
∼0
1
2

Value [pixel %]
20
10
20
∼0
10
20

(a)

(b)

(c)

Figure 3.9: Analytical design smile visualization at (a) 276 nm (b) 500 nm and (c) 850 nm
with grid pixels with 25 µm, 10 µm and 25 µm sides respectively. The spots reveal the
system’s low smile as they are roughly centered about the same x position (smile is the shift
of spot centroids along the x-axis).

53

3.2

Performance Results for Parallel Object and Image
Plane

The original Offner-Chrisp spectrometer design, displayed in Figure 1.9, has parallel object
and image planes as opposed to the analytical design explored in the previous section that

Figure 3.10: Matrix spot diagram for Offner-Chrisp system with parallel object and image
planes where each color represents a single wavelength (275, 500, 850 nm left to right) and
each row represents a field position (0.0, 4.375, 6.25 mm top to bottom). Each grid unit is
10 µm. The spots are significantly larger for the shorter wavelengths and comparable at the
longest wavelength when compared with those in Figure 2.10
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has object and image plane tilts of ϕ and ϕ′ (Figure 2.1). Recall that these two new tilts are
degrees of freedom which allow for the correction of astigmatism at a single wavelength. Although the original Offner-Chrisp spectrometer contains more astigmatism, it is less complex
than the analytical design and thus is easier to manufacture. The difference in performance
between the two design variations is unknown without modeling both systems. The matrix spot diagram in Figure 3.10 reveals that the spot sizes increase in the simpler design,
specifically at the shorter wavelengths where spectral resolution is more important.
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Figure 3.11: Parallel object and image plane design spectral resolution using RMS spot
blurring term for 0.0 mm (blue), 4.375 mm (red) and 6.25 mm (yellow) field points. The approximated resolution is below 1 nm for all field points and increases for longer wavelengths.
These larger geometric spots lead to poorer spatial and spectral resolution when compared
to the analytical design presented in the previous section. We quantify this performance
degradation by generating an approximate spectral resolution curve using Equation 3.3,
equivalent to Figure 3.2 for the analytical system. Although Figure 3.11 shows that the
spectral resolution for the Chrisp system is approximated to be < 1 nm for all wavelengths
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Figure 3.12: Spectral resolution degradation when comparing the parallel object and image plane design to the analytical design. Overall, the performance decrease is significant,
specifically for the on-axis field point at longer wavelengths.
and fields points, Figure 3.12 reveals that there is a significant degradation of resolution for
the on-axis field, especially at the longer wavelengths. The spectral resolution degradation
is defined by the standard percent difference formula,

degradation (%) =

spectral res.original − spectral res.analytical
∗ 100%
spectral res.analytical

(3.3)

where spectralres.original is the parallel object and image plane spectral resolution and
spectralres.analytical is the analytical design spectral resolution.
Also, the image plane for the Chrisp design was shifted for better spot quality, so the
potential advantage of a simpler physical implementation was lost. Thus, the analytical
design is preferred for PERISCOPE.
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3.3

Performance Results for Numerical System

The Zemax OpticStudio numerical optimization tools are very powerful, but sometimes do
not obtain a superior solution to an analytical model without significant effort in setting
up the merit function. Even when numerous constraints were placed on system parameters,
the optimization tools converged on non-physical solutions, solutions with vignetting or rays
missing their target and solutions which had a lower merit function value, but performed
worse than the analytical model overall. Figure 3.13 is an example of a solution where rays
miss their target, even when merit function operands are implemented to prevent such a
scenario (CENX).

Figure 3.13: Zemax shaded model for numerically optimized design where the CENX operand
failed to center the rays on the grating, despite using a high weight value (penalty) in the
merit function
The additional work necessary to potentially obtain a marginally better design solution is
out of the scope of this project. Thus, we conclude that the analytical design is the logical
approach to rapidly obtain a high performance Offner-Chrisp spectrometer.
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3.4

Performance Results for Approximation of Real
System

Often optical designers characterize the performance of a system without considering the
pixel size, slit width, non-ideal gratings or other parameters as components can often be
changed and sometimes non-ideal systems are difficult to model. Instrument breadboards
or prototypes are used to characterize the real performance of a system without the added
complexity of modeling. For PERISCOPE, the largest performance limiting factor is predicted to be the slit width. The 100 µm fiber core is larger than many slits used for the
Offner-Chrisp systems, thus system performance is modeled considering a fiber and a traditional vertical slit. Even when PERISCOPE is used in a modular configuration with fibers,
a slit can be placed in front of the fiber core to improve resolution at the cost of light collection (SNR/integration time) if necessary. When the fiber slit is used the spatial resolution
is limited to 100 µm and the spectral resolution requirements are more rigorous thus only
spectral analysis is performed.

3.4.1

Fiber Slit

One 100 µm fiber core was modeled in object space by setting four field points (two along
both the x and y axes) 50 µm away from an on-axis point forming a “t” shape. Similar to
the spectral resolution practices described in Subsection 2.2.3 two fiber emission wavelengths
were brought spectrally closer until the fiber spots were no longer resolvable (approximately
when the core radius overlaps with the center of the other core). The footprint diagram tool
in Zemax was used to view the fiber spots at the image plane. The fiber spots in Figure 3.14
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are clearly resolvable for a spectral separation of ∆λ = 3 nm, thus they meet the minimum
instrument requirements for spectral resolution. We predict that this resolution will be
maintained with additional blur due to finite pixel size and other inevitable performance
degradation, as the fiber spots are large compared to the individual point responses. Also,
the spot diagrams for the models shown in previous sections that the 10 µm pixel size should
provide adequate sampling for most of the spectral bandwidth and FOV (minimal resolution
degradation was observed after briefly testing this in the model). If there is an unforeseen
performance loss, the slit size can be reduced by using a mechanical slit in front of or in
place of the fibers.

(b)

(a)

(c)

Figure 3.14: Footprint diagram of 100 µm fiber cores with 276 and 279 nm (a), 497 and 500
nm (b) and 847 and 850 nm (c) emission resolved in image plane. Each color represents a
single emission wavelength and the grid squares in (a) are 25 x 25 µm.
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3.4.2

Mechanical Slit

A 20 µm vertical slit was modeled in object space by setting field points a horizontal distance
of 10 µm away from an on-axis point. Two singular emission wavelengths were brought
spectrally closer until the fiber spots were no longer resolvable (approximately when the
edge of one slit image overlaps with the center of the other slit image). The footprint
diagram tool in Zemax was used to view the slit images at the focal plane.

(b)
(a)

(c)

Figure 3.15: Footprint diagram of 20 µm slit with 276 and 277 nm (a), 499 and 500 nm (b)
and 848 and 850 nm (c) emission resolved in image plane. The emission comes from the
same slit location in object space and is dispersed in the focal plane. Each color represents
a single emission wavelength and the grid squares are 10 x 10 µm.
The slit spots in Figure 3.15 are clearly resolvable for a spectral separation of ∆λ = 1 nm,
which meets the instrument requirements and improves resolution in comparison to the fiber
slit. Although performance improves, the resolution with a smaller slit will likely experience
noticeable degradation in the physical implementation where misalignment and errors due to
manufacturing tolerances are inevitable because the point responses are only slightly smaller
than the slit width.
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3.5

Performance Results for Breadboard Prototype

Unfortunately due to time constraints and experimental challenges, we were not able to fully
test the PERISCOPE breadboard prototype. Although, much of the assembly and initial
alignment was accomplished. First, the laser was successfully leveled, expanded and collimated. A 175 mm plano-convex and -25 mm plano-concave lens were used in a Galilean
beam expander configuration to expand and collimate the HeNe output. The shearing interferometer was temporarily placed after the expander and Figure 3.16(a) shows that its
interference fringes align with the horizontal marking, indicating that the beam is collimated.
Figure 3.16(b) shows the expanded beam size of ∼ 5 µm.

(b)

(a)

Figure 3.16: (a) Expanded HeNe laser (λ= 633 nm) beam spot (b) Shearing interferometer
confirms collimation of laser (interference fringes are faint due to bright spot)
Next, all of the optics were mounted in 3D printed and commercial optomechanics. The
Michelson interferometer was quickly constructed and thus the alignment scheme from Section 2.3 was ready for implementation. One unforeseen issue with this alignment approach
is the astigmatism induced by the steep angle of incidence for the concave mirror that focuses the collimated light onto the plane grating. This was minimized by rotating the entire
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Offner relay base plate, but still a few millimeters of separation between the tangential and
sagittal focus. We predict that the alignment may still be successful because the interference
fringes don’t need to be eliminated, they simply need to be minimized. However, the primary
problem was setting up the detector to capture the prototype’s images. Due to the compact
nature of this design, only small detectors will fit in the focal plane with bulky optomechanics in the surrounding areas. This should not be an issue in the brassboard prototype when
exposed sensors and optics will be custom mounted in an enclosure. The Pi Camera V2
mentioned in Table 2.4 was the perfect candidate as it comes in a small package and has
1.4 x 1.4 µm pixels that are better matched to the small spots expected from the properly
aligned breadboard model. The main problem we faced was communicating with the Pi and
operating the Pi camera. Overall, this is not a major issue and should be resolved soon. The
breadboard prototype ready for a fine alignment is displayed in Figure 3.17.

(a)
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(b)

Figure 3.17: (a) PERISCOPE breadboard prototype with alignment optics (right) and Offner
relay (top left). (b) Offner relay setup with custom 3D printed base plate (below optomechanics) and custom 3D printed translation parts (below primary mirror and tertiary mirror
mounts)
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Chapter 4
Discussion and Future Work

In this chapter, we wish to discuss the limitations of the models presented in this work,
the future plans to take the PERISCOPE phase II instrument to TRL6 and what we have
accomplished. Like many other instruments, there are modifications that can be made to
improve performance at the cost of other performance factors or SWaP. This is also an
ongoing project as the publication of this thesis marks the halfway point of PERISCOPE
phase II, and there is still spectrometer simulation and prototyping work that must be
completed.
First, many imperfections will arise in the physical implementation of this spectrometer that
were not explored in this paper as modeling them could be extremely arduous and may not
have a strong influence on the design choices. For example, the real grating will have some
surface roughness creating wavefront aberrations and will not have perfect groove periodicity
like in the ray tracing model. The mirrors will also have some surface roughness and we do
not model a real multi-mode fiber with a non-ideal intensity profile. The performance degradation due to the combination of these factors will be observed in the brassboard iteration
of the PERISCOPE spectrometer, which will determine if a more thorough investigation
of these effects is necessary. If the resolution requirements are not met with a fiber slit,
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a mechanical slit can always be added for improvement. A similar method for potentially
improving performance if the real system suffers from higher geometric aberrations is to
decrease light collection by increasing the f-number with a smaller aperture stop (grating
diameter). Although, both of these methods will decrease the instrument SNR.
Next, we must discuss the future work required for the successful construction of a TRL6
spectrometer subsystem. One important aspect of the PERISCOPE spectrometer is the
laser injection functionality. This requires a dichroic mirror and laser filter to be placed
between the object and the primary mirror. Since these components use glass substrates,
the higher refractive index (compared to air) will slightly increase the optical path length
and translate the rays due to refraction at 45° incidence as seen in Figure 4.1.

Figure 4.1: Model with laser injection dichroic (left) and laser edge filter (right) shift rays
and increase the optical path length, due to their glass substrates
These effects induce a noticeable effect on the system as the path lengths are short, so they
must be accounted for. They have been added to the ray tracing model from Section 2.1.2,
but only a brief optimization of the new system was performed, so more analysis is needed.
Also, an order-sorting filter will be placed between the tertiary mirror and the focal plane
to remove stray light caused by the diffraction orders of the grating that are not used in this
design. This component will alter ray paths as well. The ray path from the zeroth order
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mode has been modeled and should not cause stray light concerns, but a more involved stray
light analysis should be conducted, including the consideration of an order-sorting filter.
There are a few ways to improve performance, component complexity and other features of
this design, but they involve either new techniques or a more complex system. Chrisp et al.
[8] propose a new imaging spectrometer design form, which utilizes a planar grating (easier
to fabricate compared to a non-planar grating) and achieves high performance with reduced
SWaP. Others have addressed the primary aberration in the Offner-Chrisp system, spherical

(a)
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(b)

Figure 4.2: The analytical design from [1] shows that spherical aberration is the main cause
of geometrical image degradation. (a) The Seidel diagram plots the third order aberrations
for each surface in the system (listed at the top) and the total aberration (far right). (b)
The ray fan plot shows the ray error for the tangential plane (left in pair) and sagittal plane
(right in pair). The vertical axis is the image plane position while the horizontal axis is the
ray entrance pupil position.
aberration [9]. Figure 4.2 shows the Seidel diagram and ray fan plot for the system from [1],
revealing the dominant spherical aberration.
Our last point of discussion for future work involves optical system tolerancing. Due to
the reality of imperfect manufacturing, perturbations from the simulated ray tracing model
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will arise and change the system performance. A rigorous tolerancing analysis is necessary
to determine what grade of custom optics to order and how the mechanical system will
be constructed. We have already explored some effects of slightly changing the radii of
curvature of the mirrors and grating. These can be compensated for by changing the intercomponent distances. Theoretically, if one can very accurately measure the lens properties
in the lab, these distances can be changed in an attempt to maintain performance. The
more crucial aspect of alignment is the focal plane opto-electronics. If the intensifier and
sCMOS unit is not correctly aligned to within a few tenths of a millimeter, then performance
will degrade significantly. This may require initial machining, then turning down of surfaces
after alignment. Even though some analysis has been completed, a full tolerancing routine
using a combination of randomized and systematic perturbations should be completed.
Overall, this work shows that a high-performance Offner-Chrisp imaging spectrometer can
be rapidly designed to meet the needs of a UV Raman and Fluorescence instrument proposed
for exploring extraterrestrial locations. We adapted the analytical solution outlined in [1] to
the Impossible Sensing requirements to obtain initial system parameters. After finding the
proper grating groove density to meet size requirements and shifting the focal plane to obtain
optimal spot sizes, we performed numerous ray tracing simulations to test the theoretical
performance of the system. We attempted a numerical optimization, but we were unable
to obtain a design with better performance. Also, we constructed a breadboard prototype,
but a fine alignment and characterization need to be performed. The final simulated design
meets all proposed requirements and is predicted to maintain them during the physical
implementation stage of the project. A summary of the spectrometer model’s performance
is listed below in Table 4.1.
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Table 4.1: Spectrometer Summary
Parameter
Spectral Window
Spectral Resolution
Sensor Width
Slight height
Footprint
Imaging Fiber

Requirement
276 nm - 850 nm
5 nm

Design Outcome
276 nm - 850 nm
Max: 1 nm (20 µm slit) Min: 3 nm (100 µm
fiber slit)
12.5 mm
12.5 mm
12.5 mm
12.5 mm
100 x 100 mm
< 100 x 100 mm
100 x 100 um core, fiber and mechanical slit compatible
125 um clad (12.5
x 0.125 mm line dimension)
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Appendix A
PERISCOPE Spectrometer PSFs

(a)
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(b)

Figure A.1: (a) 2D intensity and (b) spectral axis intensity cross-section of two Huygen’s
PSFs for point objects with 276 and 277 nm emission (on-axis)

(a)
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(b)

Figure A.2: (a) 2D intensity and (b) spectral axis intensity cross-section of two Huygen’s
PSFs for point objects with 849 and 850 nm emission (on-axis)
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